Abstract Purpose: Patients with malignant mesothelioma or adenocarcinoma of the lung often present with respiratory complications associated with a malignant pleural effusion. Distinguishing between these malignancies is frequently problematic, as many of the clinical, cytologic, and histologic features of the diseases overlap. Following cytologic analysis of pleural effusions, subsequent confirmatory tissue biopsies involve increased patient morbidity and expense. We have therefore designed a gene expression^based test to classify the primary tumor causing a malignant pleural effusion, using cells collected from the effusion itself. Experimental Design: We have used microarray data for 190 lung adenocarcinomas and 33 malignant mesotheliomas to identify genes differentially expressed between the two diseases. Genes expressed in normal mesothelial cells were removed, allowing the development of a PCRbased test to measure the expression of genes that discriminate between mesothelioma and lung adenocarcinoma from cytology specimens. Results: Applying an real-time PCR^based assay involving 17 genes to 13 independent samples from biopsy-proven malignant mesothelioma and lung adenocarcinomas resulted in the correct identification of all samples. Conclusions: We have developed a test that is able to distinguish between lung adenocarcinoma and mesothelioma in cells collected from pleural effusions.
Approximately 90% of patients with malignant pleural mesothelioma (1) and 15% of patients with lung adenocarcinoma (2) present with a malignant pleural effusion (MPE). Clinically differentiating between the most common, epithelioid form of mesothelioma and lung adenocarcinoma is often problematic, as many of the features of the two diseases overlap, the most significant being chest pain, shortness of breath, and fatigue in older adults (3) . A correct diagnosis is important, as the treatment regimes for the two diseases are distinct (4 -7), particularly with respect to the recent demonstration of efficacy of pemetrexed in malignant mesothelioma (8, 9) . There may also be medicolegal implications regarding environmental exposure to asbestos if a diagnosis of mesothelioma is made (10) .
Multiple approaches have been used to make the differential diagnosis between lung adenocarcinoma and mesothelioma using cells or tissue. Currently, immunohistochemistry and other stains are commonly used for diagnosis. In particular, immunohistochemistry using antibodies to factors such as calretinin, carcinoembryonic antigen, cytokeratins, and thyroid transcription factor, are commonly used (11 -15) . In general, whereas histologic examination with immunohistochemistry using a panel of antibodies usually allows accurate diagnosis (16, 17) , there remains some doubt regarding the best markers to use, and there is always some subjectivity regarding histologic interpretation.
The most common initial approach to the differential diagnosis of pleural samples is cytology (18) . Several cytologic features are reported to be useful in differentiating mesothelioma from lung adenocarcinoma, but no one set of features is pathognomic (19) . Furthermore, the consistency of observation of some cytologic features is dependent on the mode of collection and processing of cell specimens (20) , and there is a subjective element in the observation and interpretation of diagnostic features. Overall, the sensitivity of cytology for the diagnosis of malignant mesothelioma has been reported to vary from 4% to 77% (18) , implying that the method has limited utility in clinical settings. Other markers to distinguish mesothelioma from lung adenocarcinoma in pleural effusions have been suggested, such as the specific accumulation of hyaluronic acid in mesothelioma cells (21) , or CDKN2A loss (22) , although this genetic lesion may be absent in as many as 30% of mesotheliomas (23) . Typically, therefore, both cytologic examination of pleural fluid and subsequent histologic examination of pleural biopsy material are used for diagnosis.
Recently, there has been a growing interest in the use of gene expression profiling for diagnosis and prognostication in many cancers. We have previously shown that tumor type can be readily identified in cases of cancers of unknown primary site using expression profiling (24) . More specifically, gene expression profiling has been shown to distinguish mesothelioma from lung adenocarcinoma in samples of solid tumors. Gordon et al. (25) reported that by using PCR to measure the expression of four genes, it was possible to correctly classify tumors as being mesothelioma or lung adenocarcinoma. In preliminary work, we found that this test did well in solid tumor specimens (75% accuracy; Supplementary Fig. S1 ), but the utility of this test for evaluating pleural effusions is unknown. Given that mesothelial cells contaminate MPEs derived from both lung adenocarcinoma and mesothelioma, it is possible that a classifier developed on solid tissue samples of these diseases may not work effectively with corresponding pleural effusions.
Here, we describe an expression-based classifier designed to differentiate adenocarcinoma of the lung and mesothelioma, through the analysis of MPE. By specifically avoiding genes that that are expressed in normal mesothelial cells, we were able to develop a quantitative real-time PCR (RT-PCR) -based assay that reliably discriminates between lung adenocarcinoma and mesothelioma using fresh or formalin-fixed paraffin-embedded samples from MPEs. We show the utility of this test in a series of patients presenting with a MPE, which was followed by subsequent biopsy to confirm the diagnosis. The assay represents the first expression-based classifier to facilitate the differential diagnosis of lung adenocarcinoma and mesothelioma by making use of MPE. This may potentially avoid the need for tissue biopsy in the future.
Materials and Methods
Microarray data. Microarray data for lung adenocarcinoma and mesothelioma was previously described by Gordon et al. (25) , and is available at http://www.chestsurg.org/publications/2002-microarray. aspx. Briefly, Affymetrix U95A GeneChip data was provided for 190 lung adenocarcinomas, 20 carcinoid tumors of the lung, 6 small cell carcinomas of the lung, 21 squamous cell carcinomas of the lung, 17 samples of normal lung tissue, and 33 mesotheliomas. For this study, a subset comprising the 190 lung adenocarcinomas and 33 mesotheliomas was used. We generated additional Affymetrix U133 plus 2.0 data for 7 samples of normal mesothelial cells using standard Affymetrix protocols with 3 Ag of total RNA starting material. Data was extracted and processed from GCOS (GeneChip Operating Software, Affymetrix) CHP files using Genespring (Agilent Technologies, Foster City, CA). Data was further processed by transforming (resetting) data points that are <0.01 to 0.01. A per-gene normalization was used across all samples.
Isolation and expression profiling of normal human mesothelial cells. Normal mesothelial cells were recovered from pericardial fluid obtained from patients undergoing intrathoracic surgery with no evidence of malignancy. Cells were washed in RPMI 1640 supplemented with L-glutamine and containing 15% FCS, then cultured in this medium further supplemented with insulin/transferrin/selenium A (Invitrogen, Carlsbad, CA), 10 Amol/L of 2-mercaptoethanol (Sigma, Castlehill, New South Wales, Australia), 20 mmol/L of HEPES (Sigma), and 400 Ag/L of hydrocortisone (Sigma) and antibiotics [120 mg/L of benzylpenicillin (CSL, Parkville, Victoria, Australia), 4 mg/L of gentamicin (Invitrogen), and 2.5 mg/L of Amphotericin (Sigma)]. The cells were incubated in a humidified 5% CO 2 atmosphere at 37jC, and the medium was changed after the first day and every third day. When confluent, the cells were washed in PBS and treated with 0.02% trypsin in 0.007% EDTA (Sigma) solution for 5 minutes at 37jC to detach them from the plastic. Cells were cultured for a maximum of three passages, that is, until f2 Â 10 7 cells were available to enable parallel RNA extraction and immunostaining. The cells were then washed with complete medium and counted. RNA was extracted from cells as previously described (24) . Only normal mesothelial cell cultures which had >95% of cells staining positive for calretinin (DakoCytomation, Glostrup, Denmark) were used for studies.
Gene filtering. To identify genes not expressed in normal mesothelial cells, f21,000 genes with absent expression, as determined from CHP files from seven samples of normal human cultured mesothelial cells profiled as described above, were selected. U133 plus 2.0 probe-set gene identifiers were converted to U95A v2 probe-set identifiers using the ''translate between array platforms'' function in GeneSpring. Approximately 25,000 probe-set identifiers were found for U95Av2 GeneChips. Using only these genes as a starting list, we identified genes differentially expressed between mesothelioma and lung adenocarcinoma using a signal to noise metric. Briefly, genes were ranked according to a signal to noise metric as determined by the equation: . Fresh-frozen solid tumor or cytology samples (lung adenocarcinoma or mesothelioma) were collected from patients with an unequivocal diagnosis based on a combination of confirmed primary site, and review of histology and immunohistochemical staining. Formalin-fixed paraffin-embedded specimens were collected from patients with an initial pleural effusion sample with an either definitive diagnosis of mesothelioma or lung adenocarcinoma and a later tissue biopsy sample available for definitive diagnosis. The cases were centrally reviewed to confirm the original diagnosis.
Quantitative RT-PCR analysis of gene expression. Primers were designed for putative discriminating genes using the program Primer 3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Wherever possible, primers were designed to span a large intron (>500 bp) as determined using the University of California, Santa Cruz genome browser (http://genome.ucsc.edu/). Product size was set to between 85 and 115 bp, with an optimal value of 100 bp. Optimal T m was set to 60jC, with a range from 58.5jC to 61.5jC. Primers for the genes used in the final analysis are shown in Table 1 . Total RNA was isolated from fresh tissue or cell specimens, or from formalin-fixed paraffin-embedded tissue, using methods previously described (24) . One microgram of total RNA was converted to cDNA using poly(T) priming and Moloney murine leukemia virus point mutant reverse transcriptase kit (Promega, Madison, WI). Ten nanograms of cDNA was used as template in RT-PCR reactions. Reactions were set up in 384-well microtiter plates by a Biomek2000 robot (Beckman, Fullerton, CA), and run in an ABI7900HT (Applied Biosystems, Foster City, CA) instrument according to the manufacturer's standard SYBR green assay. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was included as a normalizing control. Primer sequences were forward: TCAACGACCACTTTGTCAAGCTCA and reverse: GCTGGTGGT-CCAGGGGTCTTACT. Fold change values relative to GAPDH (X), were calculated using the standard yCt formula (24) as follows:
Bioinformatic analysis. Data was clustered using the program Cluster and visualized using the program TreeView (26) . Class prediction was carried out using GeneSpring. Briefly, quantitative RT-PCR gene expression data from fresh-frozen tumor specimens of lung adenocarcinoma (n = 13) and mesothelioma (n = 12) was used to train a support vector machine algorithm. To achieve the optimum output, we refined the algorithm by adjusting the gene selection method, the number of genes used, and Kernel function variables. The optimum output (100% correct in leave-one-out cross-validation of training set) was obtained when we used Fisher's exact test using all 17 genes and a Radial basis Kernel function. The algorithm was then applied to the test set, quantitative RT-PCR gene expression data derived from formalin-fixed paraffin-embedded cytology or biopsy specimens of lung adenocarcinoma (n = 13) or malignant mesothelioma (n = 18).
Results
We initially used the gene set defined by Gordon et al. (25) to diagnose the origin of the tumor in patients with either lung adenocarcinoma or mesothelioma and achieved a classification rate equivalent to that published when solid tissue biopsies were tested (75%; Supplementary Fig. S1 ). We were, however, unable to accurately determine the nature of the primary tumor using MPE from lung adenocarcinoma and mesothelioma, perhaps because of the presence of nonmalignant mesothelial cells in pleural effusions. We therefore sought to specifically develop a test which could classify MPE.
A schematic description of our approach to assay development and validation is provided in Fig. 1 . To identify genes not expressed in normal mesothelial cells for inclusion in our gene selection algorithm, we profiled a series of seven samples of primary cultures of normal human mesothelial cells using Affymetrix U133 plus 2.0 GeneChips. Using GC-RMA, we identified f21,000 probesets, which were below the limit of reliable detection in all samples. To integrate this data with the Gordon Affymetrix U95v2 data set (25), we matched the U133 plus 2.0 probeset identifiers to U95v2 identifiers. This yielded a list of f25,000 Affymetrix U95v2 probesets with expression below the limit of detection in normal mesothelial cells. We then ranked this gene list by differential expression between lung adenocarcinoma and mesothelioma according to a signal to noise metric, and identified a list of 17 differentially expressed genes.
To validate the restricted expression of the 17 genes, we designed primer pairs and did quantitative RT-PCR on RNA derived from an independent series of fresh-frozen solid tissue biopsy specimens of lung adenocarcinoma (n = 13), mesothelioma (n = 12), and normal mesothelial cells (n = 7). Gene expression levels were normalized to GAPDH. As expected, there was a significant difference in the expression of the majority of the target genes between the two malignancies (15 of 17, P < 0.05; GAS6 and KIBRA did not reach significance, but were retained for the support vector machine analysis, see below), and no gene showed substantial expression in normal mesothelial cells (Fig. 2) . We normalized the expression of the genes using the expression of GAPDH in the Affymetrix data set, and found a very high degree of correlation between the Affymetrix data and the RT-PCR data for the 17 genes (Pearson correlation 0.96; Table 1 ). Research. Clustering of tumors using GAPDH normalized Affymetrix data for the 17 genes yielded a near-perfect segregation of the two tumor classes (Fig. 3A) , indicating, as expected, that the genes were useful in segregating the two tumor classes. The genes were similarly effective in discriminating between fresh-frozen solid tumor samples in a validation set (Fig. 3B ). To investigate whether the genes were useful in discriminating between pleural effusions caused by either lung adenocarcinoma or malignant mesothelioma, we did quantitative RT-PCR analysis on a series of fresh-frozen specimens of cells collected from pleural effusions, from either lung adenocarcinoma (n = 5), or mesothelioma (n = 11), unrelated to the solid tumors above. Although the clustering did not show perfect segregation of the two classes (one lung adenocarcinoma grouped with the mesothelioma samples; Fig. 3C ), differential expression of the genes was essentially recapitulated in the cytology specimens.
To show the application of a test using this gene set in a clinical context, we selected a series of additional patients from whom formalin-fixed paraffin-embedded matched cytology and biopsy specimens were available. We prepared RNA from tissue sections, and did quantitative RT-PCR on cDNA in a manner identical to the samples previously assayed. Using a support vector machine trained using the fresh-frozen samples of solid tumors of known origin described above, we predicted the origin of both the cytology and biopsy specimens in our series of patients (Table 2) . A result was obtained for all cytology specimens, and all biopsy specimens except one in which no usable RNA was obtained (patient 5305). In some patients, multiple cytology and biopsy specimens were available, and the test was consistent in predicting the source of the underlying malignancy in all samples. When the quantitative RT-PCR result was compared with the definitive diagnosis made from pathology review of cytology, histology and immunohistochemistry, and clinical history, the test was 100% accurate in identifying the malignancy (Supplementary  Table S1 ). Importantly, all cytology specimens yielded a correct result, indicating that the test would have identified the type of malignancy in these patients prior to biopsy of tumor material.
Discussion
The classification of the origin and prognosis of tumors using gene expression -based tests is an attractive adjunct to current approaches (27) . One of the areas in which this type of information is likely to be useful is in making differential diagnoses between tumors that are clinically and histologically similar, for example, MPE from lung adenocarcinoma and mesothelioma. It is generally accepted that tumor samples contain more than one cell type, and unless steps such as microdissection are taken, expression analysis represents the sum of the genes expressed in all cell types (28) . Thus, if the distinction between two tumors is restricted to a minority subset of the total cells in a sample, it is reasonable to assume that these differences may be missed unless an approach is taken to minimize the contribution of the major nontumor subset of cells.
A simple comparison of gene expression differences between solid tissue samples of mesothelioma and lung adenocarcinoma would be expected to identify genes expressed predominantly in the mesothelial cell lineage. If so, the large number of normal nonmalignant mesothelial cells present in many MPEs, irrespective of the nature of the primary tumor, would be expected to interfere with accuracy of such a classifier. Although we have not investigated whether this accounted for our failure to accurately classify MPE when we used the genes defined by Gordon et al. (25) , we note that both calretinin and VAC-h are abundantly expressed in our samples of normal mesothelial cells. We therefore used a subtractive approach to remove genes that are expressed in mesothelial cells, whereas focusing on genes that are likely to be differentially expressed between lung adenocarcinoma and mesothelioma. The genes selected were differentially expressed between the two malignancies in question, but they did not necessarily have expression patterns restricted solely to the tumor type with which the marker was associated, implying that lung adenocarcinoma and mesothelioma share the expression of some genes with other malignancies or normal tissues. Several of the genes we have identified as discriminating markers have been previously shown to be expressed in malignancies of various types, for example CEACAM6 (29), claudin 3 and claudin 7 (30, 31), LAD-1 (32), AGR2 (33, 34) , and ERBB3 (35, 36) . Other genes have previously been shown to have tissue-restricted expression, and have not been shown to be expressed in either of these malignancies, for example SFTP3 (37), which has expression restricted to the adult lung. Only one gene, claudin 7, was also found in the classifier built by Gordon et al. (25) .
We believe that excluding genes expressed in normal mesothelial cells is crucial to designing a test for use in specimens of pleural effusion. We are aware, however, that our gene selection method was probably compromised by this requirement for the following reasons: first, we do not anticipate that the relatively small sample of normal mesothelial cells we profiled following in vitro culture will necessarily express all genes expressed in mesothelial cells (normal and reactive) in a MPE in vivo, and second, given the large similarity of gene expression in normal mesothelial cells and mesothelioma, it was difficult to identify genes with expression restricted to just the tumor, which were also differentially expressed with lung adenocarcinoma. Nevertheless, we have been able to identify a gene set differentially transcribed by lung adenocarcinoma and mesothelioma tumor cells for the purposes of making a differential diagnosis in these two malignancies. The usual differential diagnosis of malignant tumor in pleural fluid is lung adenocarcinoma and mesothelioma. Uncommonly, MPE can be generated from other malignancies, such as metastatic breast and ovarian cancer, lymphoma, and other histologic subtypes of lung cancer. Clearly, evaluation of the test for these less common causes of MPE would be desirable, as would an evaluation of the test on a larger number of cases of malignant mesothelioma and adenocarcinoma.
We have shown that the test we designed can be done on formalin-fixed cytology specimens. There are several advantages in accessing cytology specimens to make definitive diagnoses of tumor origins. First, a MPE is a very common mode of presentation of patients with either lung adenocarcinoma or mesothelioma (38) , and cells collected from MPE represent an easily collected source of material from which to make a diagnosis. Furthermore, the test we describe can be used on formalin-fixed paraffin-embedded specimens, making it applicable within the context of standard pathology specimen handling. We have also shown that our test is accurate in tumor biopsy specimens. Therefore, in those cases with inaccessible pleural effusion, analysis of a pleural biopsy should allow a distinction between mesothelioma and adenocarcinoma of the lung.
In conclusion, we present a robust test which is able to discriminate between adenocarcinoma of the lung and malignant mesothelioma using cells collected from MPE, even after formalin fixation and paraffin embedding. Pleural fluid can be obtained more easily and with significantly less patient morbidity than a solid tissue biopsy of tumor material. We therefore suggest that a molecular analysis of cells collected from a MPE may be useful in the differential diagnosis of lung adenocarcinoma and malignant mesothelioma, particularly as quantitative RT-PCR becomes a more widely practiced technique in pathology laboratories.
